Introduction
Oocyte cryopreservation has become one of the most challenging approaches to restore fertility of chemo-and radiation therapy treated women with compromised ovarian function (Falcone et al. 2004) and improve reproductive flexibility of in vitro assisted reproductive technologies in humans (Porcu & Venturoli 2006 , Vajta & Kuwayama 2006 , Vajta & Nagy 2006 . In animals, endangered species and premium genetics from specific breeds could be rescued, while the expense and disease transmission during storage and transportation could be minimized (Vajta 2000) . Still, some characteristics of oocytes are major obstacles for efficient cryopreservation (Woods et al. 2004) . Cooling oocytes to low temperatures substantially disrupts cytoskeletal elements (Aman & Parks 1994) , cortical granules (Pickering et al. 1990) , and plasma membranes (Vincent & Johnson 1992) , frequently leading to poor development and cell death. Despite all the existing and emerging demands, oocyte cryopreservation still remains unaccomplished as an established procedure.
After many years' efforts, some successes were achieved in oocyte cryopreservation with different species. Various strategies have been proposed to increase viability and developmental competence of cryopreserved oocytes, with the two main aspects of technical improvements and modifications of oocytes. The application of ultrarapid vitrification has considerably increased the cooling/warming rates and reduced the risk of chilling injuries (Vajta et al. 1998 , Lomber et al. 1999 , Dinnyes et al. 2000 , Kuwayama et al. 2005 . The original purpose for modifications of oocytes is to reduce their sensitivity to low temperature. Currently, most methods still rely on extrinsic chemical treatment (Fujihira et al. 2004 , Shi et al. 2006 , changing lipid composition (Zeron et al. 2002a (Zeron et al. , 2002b , or removing intercellular lipids either mechanically (Nagashima et al. 1994 , Esaki et al. 2004 , Du et al. 2007 or chemically (Men et al. 2006) . Even though these methodological modifications have improved the cryotolerance of oocytes to some extent, the limited number of offspring produced justifies their possible negative effects on postimplantation development.
High hydrostatic pressure (HHP) was introduced in food processing many years ago to inactivate microorganisms as well as enzymes responsible for shortening the life of a product (Knorr 1993). However, studies have shown increased synthesis of heat shock proteins (HSPs) by HHP in several bacteria, including Escherichia coli (Welch et al. 1993 ), yeast (Domitrovic et al. 2006 , Miura et al. 2006 , and also mammalian cells (Kaarniranta et al. 1998) . Shock proteins could be provoked by other types of stresses, such as heat and cold shock, as well. The type, amount, and proportion of proteins to be synthesized/activated in the stressed cells are dependent on the intensity and type of the sublethal shock itself, as well as on the stressed cell. The responses for different types of stresses can be similar, providing a possibility for 'cross-protection'. Molecular chaperones, induced by sublethal stress, could provide cellular protection, maintaining homeostasis and can even be applied in cryoprotective therapy.
It has been investigated whether sublethal HHP impulses could improve the cryotolerance of mouse embryos, in vitro produced (IVP) bovine embryos, and semen from bulls and boars (Pribenszky et al. 2005a , 2005b , 2006 , Kuo et al. 2007 . Porcine oocyte cryopreservation has remained one of the biggest challenges due to the extreme sensitivity to chilling injury mostly caused by the high intracellular lipid content. Some species-specific reasons also hamper the successful application of resolutions working appropriately in several other species. The objective of the present study was to apply a new pretreatment system with HHP to porcine oocyte vitrification and investigate how HHP could influence developmental competence of vitrified oocytes after parthenogenetic activation (PA).
Results
The optimal parameters of HHP for improved survival and development of vitrified porcine IVM oocytes were investigated in the first experiment. As shown in Table 1 In the second experiment, a possible temperature effect on HHP treatment was investigated. HHP parameters resulting in the best results in the first experiment (20 MPa 60 min, with 70 min recovery before vitrification) were applied. When HHP treatment was performed at 37 8C, a significantly higher blastocyst rate (14.1G1.4%) was obtained than that observed with HHP treatment at 25 8C (5.3G1.1%) and in the vitrification groups (Table 2 ).
Discussion
Cryopreservation of mammalian oocytes instead of embryos would offer considerable advantages in several situations. Unfortunately, in most species oocytes are more sensitive to cryoinjuries than embryos. Several strategies have been developed to overcome this problem, including application of new cryopreservation methods to decrease injuries or promote regeneration after the procedure. Vitrification with high cooling and warming rates may decrease chilling injury. Proper combinations of the appropriate permeable and non-permeable cryoprotectants as well as optimization of equilibration and rehydration parameters may significantly improve survival rates and further developmental competence (Vajta & Nagy 2006) . Another approach is to modify oocytes before cryopreservation to increase the cryotolerance, e.g., by removing the chilling-sensitive lipid droplets (Nagashima Table 1 In vitro development of vitrified-warmed porcine in vitro matured oocytes after being pretreated with high hydrostatic pressure under various parameters.
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Recovery duration (min) 2004) . However, all these approaches have resulted in only limited success in porcine oocyte cryopreservation. This paper describes a new approach, HHP pretreatment, to protect porcine oocytes from cryoinjuries. The application of a sublethal HHP treatment to improve the stress tolerance of oocytes or embryos has been investigated only recently. Increased cryosurvival was achieved by this strategy with mouse and bovine embryos, and also with bull and boar semen (Pribenszky et al. 2005a , 2005b , 2006 , Kuo et al. 2007 . The level and duration of the required pressure differs considerably between species, gamete, and developmental stage. For example, mouse and bovine IVP embryos tolerate a higher pressure stress (60-80 MPa up to 60 min duration) than porcine IVM oocytes where a HHP treatment of 60 MPa lasting for 30 min seems to induce irreversible damages (unpublished observations). We have found that a one-or two-hour recovery period between HHP treatment and vitrification was crucial for improving the viability and further developmental competence of porcine oocytes. The recovery period may be required for the synthesis of special molecules that protect the embryos from further damages.
The influence of treatment temperature was also investigated. A low treatment temperature (25 8C) has been adopted and functioned well in mouse and bovine embryos or semen for HHP, according to previous studies. However, no great improvement was achieved in the present study when porcine oocytes were pretreated with HHP at 25 8C before vitrification, even though seemingly more blastocysts were obtained than in the control groups. When the temperature was elevated to 37 8C, a significantly higher blastocyst rate was obtained than in the group with 25 8C HHP pretreatment. Furthermore, oocytes from the 25 8C vitrification control group have a much lower developmental competence than seen in the 37 8C vitrification control group, demonstrating the detrimental effect of low temperature on porcine oocytes.
PA instead of in vitro fertilization (IVF) was performed to investigate the developmental competence of vitrified oocytes for two main reasons. First, even though IVF embryos (in contrast to PA ones) may have the potential for full term development after transfer to foster mothers, their in vitro developmental competence is considerably lower and less consistent (Du et al. 2005) . In our present study where vitrified oocytes were investigated, very few blastocysts were obtained in the control groups, while around 11-14% blastocyst rates were achieved after HHP treatment. Based on these data and also on our preliminary (unpublished) experiments, a similar study using IVF with vitrified oocytes would not be able to demonstrate significant benefits of HHP treatment. Secondly, PA could be used as a model of somatic cell nuclear transfer, which will be our next goal using vitrified oocytes (with HHP pretreatment) after enucleation as recipients. Additionally, some factors that may influence the outcome of IVF, including possible structural changes of the zona pellucida that may decrease sperm penetration, do not play a role in the outcome of PA, therefore the PA system may give more information regarding the integrity and developmental competence of the oocyte itself.
According to previous studies, sublethal HHP treatment could induce production of specific proteins (e.g. HSPs) that play essential roles in improving stress tolerance, protein folding, signal transduction in various bacteria, and mammalian cells (Csermely et al. 1998) , and may further cross-protect the cells in other stress conditions. HSPs play essential roles not only in a stress situation but also for normal development in mammalian embryos. Esfandiari et al. (2007) demonstrated that inhibition of HSP function by antibodies causes a significant reduction in blastocyst development and an increase in cell death. Even though oocytes are regarded as inactive cells at the level of transcription, the mechanism of posttranscriptional stabilization of HSP70 mRNA may partially explain the improved developmental capacity of vitrified oocytes with HHP pretreatment. This posttranscriptional regulation of HSP70 has been observed in human chondrocyte-like cells, which responded to continuous HHP by elevating mRNA and protein levels of HSP70, without activating heat shock transcription factor 1 (HSF1) of the HSP70 gene (Kaarniranta et al. 1998 ).
In conclusion, HHP pretreatment was found to be efficient in increasing the in vitro development of vitrified porcine oocytes after PA. Further investigations regarding gene transcription and protein synthesis are required to understand the precise mechanism of this effect. The described approach may eventually help to increase the 
Materials and Methods
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical Co.
Oocyte collection and IVM
Cumulus-oocyte complexes (COCs) aspirated from 2 to 6 mm follicles from slaughterhouse-derived sow ovaries were matured in groups of 50 in 400 ml bicarbonate-buffered TCM-199 supplemented with 10% (v/v) cattle serum, 10% (v/v) pig follicular fluid, 200 mM glutamine, 10 IU/ml eCG and 5 IU/ml hCG (Suigonan Intervet; Skovlunde, Denmark) at 38.5 8C in the Submarine Incubation System (SIS; Vajta et al. 1997) in 5% CO 2 in humidified air for 41-44 h.
COC treatment with HHP
Expanded COCs in HEPES-buffered TCM-199 (TCMH) were loaded into 0.5 ml plastic straws with a 2 ml syringe. Straws were then placed into the pressure chamber of the pressurizing device (Cryo-Innovation Inc., Budapest, Hungary), containing water as pressure medium. The chamber was made of stainless steel with an inner diameter of 2 cm and was connected to a pressure gauge. Pressure was generated by a moving piston inside the pressure chamber at the speed of 1 min/10 MPa. When the required pressure was reached it was maintained continuously for the specified period. The rate of decompression to atmospheric pressure was 1 min/10 MPa. After HHP treatments, COCs were released from straws and incubated in the original IVM medium until the start of the next procedure.
Oocyte denudation and vitrification
The cumulus investment of the COCs was removed by repeated pipetting in 1 mg/ml hyaluronidase in TCMH. From this point (except where otherwise indicated), all manipulations were performed on a heated stage adjusted to 39 8C. Cryopreservation was carried out by vitrification with a Cryotop device and factory-prepared vitrification and warming solutions (Kitazato Supply Co., Fujinomiya, Japan) as described previously (Kuwayama et al. 2005) . Oocytes were transferred into equilibration solution (ES) consisting of 7.5% ethylene glycol (EG) and 7.5% dimethylsulfoxide (DMSO) in TCMH and 20% synthetic serum substitute (SSS; Cat. No. 99193, Irvine Scientific, Santa Ana, CA, USA) at 39 8C for 5-15 min. After an initial shrinkage, oocytes regained their original volume. Ten to twenty oocytes were transferred into a 20 ml drop of vitrification solution (VS) consisting of 15% EG, 15% DMSO, and 0.5 M sucrose dissolved in TCMH and 20% SSS. After incubation for 20-30 s, oocytes were loaded on Cryotop and plunged into liquid nitrogen. The process from VS exposure to plunging was completed within 1 min. Vitrified oocytes were warmed by immersing Cryotop directly into 39 8C thawing solution (1.0 M sucrose dissolved in TCMH and 20% SSS) for 1 min and then transferred to dilution solution (0.5 M sucrose in TCMH and 20% SSS) for 3 min. Subsequently, oocytes were incubated twice for 5 min in the washing solutions (TCMH and 20% SSS).
PA and embryo culture
After warming, oocytes were equilibrated shortly in activation medium drops (0.3 M mannitol, 0.1 mM MgSO 4 , 0.1 mM CaCl 2 , and 0.01% polyvinyl alcohol) for 5 s. Under a 1.25 kV/cm alternative current, oocytes were aligned to the wire of a fusion chamber (Microslide 0.5 mm fusion chamber, model 450; BTX, SanDiego, CA, USA). Then a single direct current pulse was applied to the oocytes for electrical activation. After washing thrice in drops of TCMH supplemented with 10% calf serum, activated oocytes were incubated in culture medium (PZM-3 medium supplemented with 4 mg/ml BSA; Yoshioka et al. 2002) , 5 mg/ml cytochalasin B, and 10 mg/ml cycloheximide at 38.5 8C in 5% CO 2 , 5% O 2 , and 90% N 2 with maximum humidity. After 4 h treatment, embryos were washed and then cultured in culture medium.
Embryo evaluation
Cleavage rates were evaluated on day 2. Blastocyst rates were recorded after 8 days of culture. To determine total cell numbers, day 8 blastocysts were fixed and mounted on a glass microscopic slide in glycerol containing 20 mg/ml Hoechst 33342 fluorochrome. After staining for 24 h, embryos were observed under a Diaphot 200 inverted microscope with epifluorescence attachment and UV-2A filter (Nikon, Tokyo, Japan).
Experimental design

Experiment 1
Based on our previous experience in HHP tolerance of porcine IVM oocytes, 20 and 40 MPa pressure lasting for 60 min were applied in the first experiment, with recovery times of 10, 70, and 130 min between pressurization and vitrification. Two control groups were used, one untreated vitrification control and one direct activation control. At least three repeat experiments were performed for each group.
Experiment 2
Parameters resulting in the highest cleavage and blastocyst rate in experiment 1 were applied in experiment 2. HHP was performed at either 37 or 25 8C to investigate possible influence of treatment temperature. Three control groups were set up. Oocytes loaded in straws without HHP treatment were kept either at 37 or 25 8C and used as vitrification control (37 8C vitrification group, 25 8C vitrification group). Oocytes with neither HHP nor vitrification were parthenogenetically activated directly as activation controls. The experiments were performed with three replicates.
Statistical analysis
Data were analyzed by a generalized linear model of SAS 9.1 (SAS Institute Inc., Cary, NC, USA). A probability of P!0.05 was considered to be statistically significant. 
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